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Introduction
Cryptosporidum spp. are protozoan parasites responsible for gastroenteritis in a wide range of vertebrates including humans, domestic and wild animals and are a common cause of waterborne outbreaks worldwide (Zahedi et al., 2016; Ryan et al., 2016; Efstratiou et al., 2017) . The parasite is transmitted via the faecal-oral route with both zoonotic and anthroponotic transmission cycles . Currently relatively little is known about the molecular characteristics, host specificity, pathogenicity and zoonotic importance of Cryptosporidium spp. in wild and domestic rodents (Appelbee et al., 2005; Ziegler et al., 2007a, b; Kváč et al., 2016; Li et al., 2016) . To date, of the 33 recognised Cryptosporidium spp. (cf. Ryan et al. 2016; Jezkova et al., 2016) , 11 species including C.
proliferans, C. meleagridids, C. tyzerri, C. andersoni, C. ubiquitum, C. wrairi, C. parvum, C. suis, C. meleagridis, C. muris and C. rubeyi and over 20 genotypes of unknown species status have been reported in rodents with a prevalence ranging from 1% to 63% (Table 1 ) Song et al., 2015; Stenger et al., 2015; Zahedi et al., 2016; Li et al., 2016) .
The guinea pig (Cavia porcellus) is one of eight species in the genus Cavia (Rodentia:
Caviidae), and is endemic to South America. Based on available archaeological and molecular data, it has been living in the region since the Miocene-Pliocene boundary, and it has been suggested that C. porcellus was initially derived from Cavia tschudii, when the Amerindia peoples of Peru started to domesticate guinea pigs 4500 to 7000 years ago.
Eventually, the utility of the domesticated form of guinea pig as a food source or pet and laboratory animal, has resulted in its worldwide distribution including Australia (Dunnum and Salazar-Bravo, 2009 ).
Currently, C. wrairi is the only valid Cryptosporidium spp. described in guinea pigs (Cavia porcellus), with strong host specificity and no reports of human infection (Vetterling et al., 1971; Chrisp et al., 1990; Spano et al., 1997; Lv et al., 2009 , Gressler et al., 2010 Smith et al., 2010) . Previous experimental infections indicated that C. wrairi was infective to mice, lambs and calves, causing a sparse infection in ruminants, however as genotyping was not conducted, this cannot be confirmed (Angus et al., 1985; Chrisp et al., 1992) .
The present study examined the morphological, biological and molecular characteristics of a Cryptosporidium sp. detected in the gastrointestinal tract and faeces of guinea pigs.
Based on the collective data from the present study, the Cryptosporidium spp. detected in these guinea pigs is genetically and biologically distinct from all species of Cryptosporidium described previously, and we propose the species name Cryptosporidium homai n. sp. For clarity, we herein refer to this novel species by its proposed name.
Materials and methods

Source of sample and sample processing
A guinea pig, which was part of a group of experimental animals held at the University of Western Australia Animal Care Services, Perth, Australia, presented with audible respiratory distress (rattled breathing sounds, difficulty in breathing and chin coated in saliva) and as a result was euthanised. Post-mortem examination was performed and intestinal and lung sections were sent to a specialist veterinary laboratory for further histopathological examination, and during routine handling, individual faecal sample were collected and stored at 4°C until required. Further to the initial histopathology and molecular analysis, additional faecal samples (n=28) were collected either from individual animals or pooled from animals kept in the same enclosure for further molecular analysis (Table 2) .
Histopathology
Sections of intestinal tissue were fixed in 10mg/100 mL phosphate buffered formalin for at least 24 hrs, dehydrated in an ethanol-xylene series and embedded in paraffin wax. Two micrometer tissue sections were dewaxed in xylene, rehydrated in an ethanol series and stained by haematoxylin & eosin (H&E) or Giemsa. Giemsa stock solutions were made up with 0.75 g Giemsa powder, 65 ml methanol and 65 ml glycerol, and diluted 1:10 with tap water immediately prior to use. Giemsa stained tissue sections were acidified with 10% acetic acid for 15 sec, and placed in freshly diluted Giemsa stain, preheated in a microwave (Kambrook model 686LE, 1150W) on medium for 30 sec, followed by microwaving on low for 30 sec. Slides were rinsed in tap water followed by absolute ethanol, before permanent mounting in DPX (Dako).
DNA isolation
Following five cycles of freeze-thaw, genomic DNA was extracted from 250 mg of each faecal sample (n=29), using a Power Soil Kit (MO BIO, Carlsbad, California, USA) in accordance to the manufacturer's instructions. An extraction blank (no faecal sample) was used in each extraction group. Purified DNA was stored in -20°C prior to molecular analyses.
DNA extraction and post-DNA extraction procedures were performed in separate dedicated laboratories.
PCR amplification
A nested PCR approach was used to amplify an approximately 825 bp 18S rRNA fragment using the primers SSU-F2 (5′-TTCTAGAGCTAATACATGCG-3′) and SSU-R2
(5′-CCCATTTCCTTCGAAACAGGA-3′) for the primary PCR and SSU-F3 (5′-GGAAGGGTTGTATTTATTAGATAAAG-3′) and SSU-R4 (5′-AAGGAGTAAGGAACAACCTCCA-3′) for the nested PCR (Xiao et al., 1999 conditions consisted of an initial denaturation step at 94°C for 3 min followed by 40 cycles of 94°C for 45 sec, 58°C for 90 sec, and 72°C for 1 min, followed by a final extension step at 72°C for 7 min. An approx. ~818bp fragment of the actin gene was amplified as previously described (Ng et al., 2006) , with the following modifications; denaturation time was gene was performed using a nested PCR as previously described (Hong et al., 2014) .
No-template and extraction reagent blank controls were included in every PCR run.
Positive control DNA (C. macropodum) was also added to every run to validate the PCRs.
PCR setup and DNA handling procedure were performed in separate physically contained PCR-hoods, and post-PCR procedures were performed in a separate laboratory.
Sequence and phylogenetic analysis
Nested PCR products were electrophoresed through 1% agarose gels, and DNA fragments of the expected size (bp) for the 18S, actin and hsp70 assays were excised from the gels and purified for Sanger sequencing using an in-house filter tip method (Yang et al., 2013) . Purified PCR products from all three assays, were sequenced independently in both directions using an ABI Prism™ Dye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, California, USA) according to the manufacturer's instructions at 58°C, 58°C and 56°C annealing temperature for the 18S rRNA, actin and hsp70 loci, respectively. Sanger sequencing chromatogram files were imported into Geneious Pro 8. 1.6 (Kearse et al., 2012) , 
Results
Prevalence and histological analysis
In the present study, C. homai n. Likelihood (ML) analyses at 18S, actin and hsp70 loci, based on 825, 818 and 325 bp of nucleotide sequences, respectively, and produced trees with mostly similar topologies with some exceptions (Fig 2, 3, 4 ). An ML tree was also inferred from concatenated 18S, actin and hsp70 sequences (Fig 5) . Phylogenetic analysis of the hsp70 gene, also confirmed the genetic distinctness of C.
homai n. sp., where it exhibited 6.6% genetic distance from the closest species, C. suis, 7%
genetic distance from C. wrairi, and 7.1% (C. varanii) to 20.9% (C. serpentis) genetic distance from all other Cryptosporidium spp.
An ML tree inferred from concatenated 18S, actin and hsp70 sequences grouped C.
homai n. sp. with C. varanii and C. macropodum, with 9.1% and 10% genetic distance respectively. Based on phylogenetic analysis using concatenated sequences, C. homai n. sp. exhibited 10.8% genetic distance from C. wrairi, the only valid Cryptosporidium sp.
described in guinea pigs, and exhibited between 17.3% (C. proliferans) and 9.7 % (C. suis) genetic distance from all other Cryptosporidium spp.
Taxonomic summary and species description
Order: Cryptogregarida (Cavalier-Smith, 2014). 
Discussion
In the present study, post-mortem analysis of a guinea pig euthanised due to respiratory distress, identified an intestinal infection with a Cryptosporidium species, which on the basis of molecular analysis is a new species, named C. homai n. sp. The new species was detected in 24.1% of faecal samples from guinea pigs held at an experimental animal facility. The exact prevalence is difficult to determine as pooled faecal samples were obtained from enclosures, however the high prevalence is likely due to the close proximity of animals to each other, which would facilitate transmission. Very little is known about Cryptosporidum in guinea pigs. Surveys of pet guinea pigs in Italy (n=80) and Ecuador (n=40) failed to detect Cryptosporidium (d 'Ovidio et al., 2015; Vasco et al., 2016) . Another study in Brazillian guinea pigs (Cavia aperea aperea), detected Cryptosporidium in 3 of 5 faecal samples by microscopy, and Cryptosporidium was also detected in one guinea pig on a farm in the UK, but no genotyping was conducted in either study (Gressler et al., 2010; Smith et al, 2010) .
Other studies have identified C. wrairi in guinea pigs Feng et al., 2011) , and until recently this was the only Cryptosporidium spp. identified in guinea pigs.
A previous study identified a novel Cryptosporidium genotype in guinea pigs (C.
procellus) obtained from an indoor public market, in Rio de Janeiro, Brazil (Huber et al., 2007) , which shared 99.1% similarity with C. homai n. sp. at the 18S locus (7 and 6 SNPs difference over 676 bp of submissions DQ885337 and DQ885338, respectively).
Phylogenetic analysis grouped them in a clade together with high bootstrap support, suggesting that they are likely the same species. Unfortunately, sequences at the actin and hsp70 loci were unavailable for this genotype to confirm this.
Trophozoites and meronts of C. homai n. sp. measured < 5 µm, but oocysts were not observed. However, it is widely accepted that morphology is not a useful criterion for delimiting Cryptosporidium spp. (Fall et al., 2003) . Phylogenetic analysis at the 18S, actin and hsp70 loci confirmed the genetic distinctness of C. homai n. sp. which exhibited genetic distances ranging from 3.1% to 15.4%, 14.4% to 24.5%, and 6.6% to 20.9% from all other Cryptosporidium spp., respectively. Phylogenetic analysis of concatenated 18S, actin and hsp70 sequences also exhibited 9.1% to 17.3% genetic distances between C. homai n. sp. and other Cryptosporidium spp. This clearly supports the species status of C. homai n. sp., as these differences are greater than between many currently accepted species. For example, the genetic distance at the 18S and actin loci between C. hominis and C. cuniculus is 0.4% and 1.6%, respectively (Kvác et al., 2014) , and the genetic distance between C. muris and C.
andersoni at the 18S, actin, hsp70 loci is 0.7%, 3.5% and 2.2%, respectively (Holubová et al., 2016) .
In the present study, C. homai n. sp. did not group with C. wrairi (the only currently valid species in guinea pigs) and exhibited 3.6%, 18.4% and 7.0% genetic distance from this species at 18S, actin and hsp70 loci, respectively and is clearly a separate species from C. The host range of C. homai n. sp. and its zoonotic potential are also currently unknown, but it has not been previously reported in any other host, suggesting that it may be host specific, however, further analysis is required to determine this. Table 1 . Cryptosporidium species and genotypes reported in rodents. 
